1 Viewing a real scene or a stereoscopic image (e.g., 3D movies) with both eyes yields a vivid 2 subjective impression of object solidity, tangibility, immersive negative space and sense of 3 realness; something that is not experienced when viewing single pictures of 3D scenes 4 normally with both eyes. This phenomenology, sometimes referred to as stereopsis, is 5 conventionally ascribed to the derivation of depth from the differences in the two eye's images 6 (binocular disparity). Here we report on a pilot study designed to explore if dissociable neural 7 activity associated with the phenomenology of realness can be localised in the cortex. In order 8 to dissociate subjective impression from disparity processing, we capitalised on the finding that 9 the impression of realness associated with stereoscopic viewing can also be generated when 10 viewing a single picture of a 3D scene with one eye through an aperture. Under a blocked fMRI 11 design, subjects viewed intact and scrambled images of natural 3-D objects and scenes under 12 three viewing conditions: (1) single pictures viewed normally with both eyes (binocular) (2) 13 single pictures viewed with one eye through an aperture (monocular-aperture); (3) stereoscopic 14 anaglyph images of the same scenes viewed with both eyes (binocular stereopsis). Fixed-effects 15 GLM contrasts aimed at isolating the phenomenology of stereopsis demonstrated a selective 16 recruitment of similar posterior parietal regions for both monocular and binocular stereopsis 17 conditions. Our findings provide preliminary evidence that the cortical processing underlying 18 the subjective impression of realness may be dissociable and distinct from the derivation of 19 depth from disparity. 20 21 Keywords 22 Realness, Stereopsis, fMRI, parietal cortex, Intraparietal sulcus, 3D perception, depth 23 perception 24 25 7 et al., 2001). Following Wheatstone's (1838) discovery of the stereoscope, contemporary 8
Introduction
A fundamental insight of early enquiries into visual space perception was that only certain 2 types of visual stimulation give rise to a perceptual state in which space and objects appear 3 visually "real" and in vivid "depth relief". Renaissance artists correctly observed that viewing 4 realistically rendered and optically correct perspective images (paintings) of 3D scenes 5 produced an accurate impression of 3-dimensionality, but that they lacked the 6 phenomenological sense of object solidity and realness that is obtained in natural scenes (Wade the capacity to manipulate objects, implying that it arises from 3D encodings that are built up 23 to guide manual action rather than to recognize objects. This could implicate areas of the 24 parietal cortex involved in visuo-motor control or perhaps even other areas involved in visuo- No prior research to our knowledge has specifically aimed to identify the substrate for the 5 phenomenological experience of stereopsis or realness, and it is difficult to extrapolate from 6 previous studies. The stimuli employed in most neurophysiological studies in 3D vision, where 7 stereopsis was putatively experienced, have traditionally employed random dot (or random 8 line) stereograms (Julesz, 1971 ). These types of stimuli generate an impression of 3D structure 9 only when disparity is present and a 2D planar structure when disparity is absent (see for In the present study, we aimed to explore the idea that the visual phenomenology of stereopsis 23 and realness is linked to dissociable neural processes underlying 3D vision. Furthermore, we 24 6 aimed to determine if this processing is distinct from activity related specifically to disparity 1 processes. To this end, we capitalised on the fact that we could induce the phenomenology of 2 stereopsis both in the presence of binocular disparity (binocular viewing of stereoscopic 3 images) and in its absence (monocular-aperture viewing of single pictures). We designed 4 stimulus and viewing conditions that were aimed at providing fMRI BOLD contrasts that 5 would isolate potential distinctive visual processing associated with the phenomenology of 6 realness and stereopsis under whole-brain analysis. We did not aim to establish the functional 7 significance of any such dissociable activity (e.g., visuo-motor representations, object 8 recognition) but simply to determine if conditions in which stereopsis is experienced has 9 differential neural activation when other factors are controlled for. Stimuli were back projected on to a screen that was built into a custom frame manufactured to 10 fit securely into the back of the magnet bore. The screen was a Stewart Filmscreen Starglass 11 60 back projection screen. The screen display area was 47cm (W) x 37cm (H) at the widest 12 dimensions. The projector was a Sanyo ET 30L with a Sanyo TNS-T11 long-throw lens 13 running at a resolution of 1280 x 960 pixels and refresh rate of 85hz. It was located in a shielded 14 room and the image back projected onto the screen through a wave guide. The image was 15 viewed via a mirror (Siemens) that was attached to the head coil in front of the participants 16 face when they lay supine on the scanner bed. The total distance to the screen from the subject's 17 eyes via the mirror (i.e., viewing distance) was approximately 80cm. For the other two conditions, custom eyepieces were constructed (plastic and cardboard) that 23 were inserted into the head coil eye openings. For the Monocular-aperture Pictorial condition, 24 a black eyepiece with a 7.5mm circular viewing aperture (adjustable position) was inserted into 1 the right eye opening of the head coil, while a completely occluding black cover was inserted 2 into the left eye opening. This left eye cover was placed over cotton and gauze that applied 3 gentle pressure to keep the eyelid of the left eye shut. For each individual subject, before the 4 start of the scanning, the position of the aperture in the eyepiece was adjusted so that the 5 displayed image could be seen with the right eye but the rectangular edges of the image were 6 occluded. For the Stereoscopic Anaglyph condition, both coil eye openings were inserted with 7 a cover that had a 2cm x 3cm rectangular opening with thin transparent plastic filters (cyan for 8 the right eye and red for the left eye). In both the Binocular Pictorial and Stereoscopic Anaglyph 9 conditions, the full displayed image and screen could be seen, as well as parts of the magnet 10 bore in the periphery. Responses (right-hand thumb press) were acquired using a Nordic 11 Neurolabs thumb trigger response device. We used a blocked fMRI design (see Figure 2 ). Each block began with a pre-stimulus fixation 6 phase of 7.5 seconds, followed by the sequential display of 10 images in random order (2000ms 7 per image) for a total of 20 seconds. For the MaP and BP conditions, there were 12 blocks per 8 run alternating between intact pictorial images (6 blocks) and scrambled images (6 blocks). For 9 the SA condition, there were also 12 blocks per run, alternating between stereoscopic images 10 (disparity, 6 Blocks) and pictorial images (no disparity, 6 blocks). The start of each run was 11 preceded by a 10 second fixation phase. For each viewing condition, we acquired data for two 12 consecutive 12-block runs, and the bed was retracted partially in order to change the eyepieces 13 for a subsequent viewing condition. The order of acquisition for the three types of runs (MaP, 14 BP, SA) were partially counterbalanced across participants. The anatomical image was 15 acquired in between two of different viewing condition runs so as to provide a period of task-16 free rest.
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Visual fixation task 19 In order to control fixation and attention across all viewing conditions and stimulus types, 20 participants were required to do the same visual detection task at central fixation for all runs 21 while passively viewing the displayed images. Participants were instructed to keep their eyes 22 on the fixation dot (a 4mm x 4mm square), monitor its luminance and press the response button 23 as quickly as possible (right hand thumb trigger) whenever it turned from black to grey. The 24 luminance change occurred at random intervals during the stimulus blocks. Specifically, the 1 luminance change occurred in 50% of randomly selected individual stimulus trials within a 2 block, 1000ms after stimulus onset. Participants were instructed to remain as still as possible 3 during the entire duration of the experiment and also during bed-retractions. and realness. We hypothesised that conditions yielding binocular and monocular stereopsis 16 would reveal both different and similar clusters of voxels: different because the source of 17 signals specifying 3D structure differ in the two cases; similar because in both cases the same 18 3D objects and scenes are viewed and perceived. We also reasoned that the existence of a 19 generic visual process or attribute related to the phenomenology of stereopsis (and any 20 associated cognitive state) should imply unique dissociable loci of neural processing regardless 21 of the source of sensory signals. On this interpretation, we expected that we would find specific 22 overlapping cortical regions recruited in contrasts aimed at titrating signals linked to binocular 23 and monocular stereopsis. Since we had no a-priori region of interest in the cortex, expecting 24 22 potential substrates in visual, parietal, temporal, motor, premotor, or prefrontal cortices we 1 conducted a whole-brain analysis. 2 In order to dissociate activity specifically linked to the perception of objects, scenes and 3D 3 structure, we examined fixed-effects GLM contrasts under both binocular and monocular-4 aperture viewing of single pictures (BPINTACT>BPSCRAMB and MaPINTACT>MaPSCRAMB). As 5 expected, we found generally similar results in these two contrasts, with significant clusters in The exploratory nature of this study presents several limitations to the interpretation of our 5 results. First and foremost is that our sample size was limited to seven participants due to the 6 restricted scanner time that was funded for this project 1 . Ideally, for a whole-brain analysis 7 with no a-priori ROIs, we would have preferred to test 15-20 participants. Due to the limited 8 sample size, we reasoned that we would not have the power to identify dissociative activations 9 based on standard random-effects GLM analyses. Therefore, we used a FLAME fixed-effect level of the z-scores were only seen for two or three participants at the group-wise peak voxel 19 locations identified by the conjunction analysis (see Figure 9 ). More precisely, for the 20 monocular stereopsis contrast, which was the only contrast where there were surviving clusters 21 after FDR corrections at the group level, it appears that subjects 1 and 4 predominantly 22 contributed to the group level significant clusters in the parietal cortex. Nonetheless, five out 23 of seven participants revealed similar BOLD responses in those significant regions, thus 1 resulting in the fixed-effect FDR corrected significant clusters at the group level (see Figure   2 9). 3 Second, due to the power limitations, we initially did not employ any family wise error 4 correction (e.g., Bonferroni, False Discovery Rate), or apply the more conventional cluster- Figure 8 ).
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Third, our goals here were quite modest, to simply see if under near whole-brain analysis 18 (excluding the cerebellum), we could identify voxels that dissociate between conditions in 19 which stereopsis and the phenomenology or realness is present or absent. We did not aim to regions of the intraparietal sulcus and lateral occipital cortex, which showed typical repetition 7 adaptation effects to pictured objects, did not show such effects for real objects. Freud et al.
8
(2018) similarly found differential activation in the intraparietal sulcus to real 3D objects vs.
9
2D images during the planning phase (pre-movement initiation) of grasping and reaching motor 10 tasks. Although these studies did not aim to specifically identify which visual attributes, cues 11 or visual processing underlie the difference between real and pictured objects, their findings do 12 provide support for our overall interpretation that dissociable patterns of results exists that 13 distinguishes between the phenomenology of real depth (stereopsis) and pictorial depth. 
